A completely fiber-integrated, wavelength-tunable subpicosecond pulse source is demonstrated using the soliton self-frequency shift in highly nonlinear dispersion-shifted fiber from a 1.56-mm 10-GHz 400-fs signal. Solitons as short as 100 fs are obtained at tunable wavelengths as high as 1.72 mm. Raman gain from an external pump is used to extend the soliton self-frequency shift to longer wavelengths. © 2003 Optical Society of America OCIS codes: 190.5650, 190.5530. The soliton self-frequency shift (SSFS) is a phenomenon observed with short pulses in which the shorter wavelength components amplify the longer wavelength pulse components through Raman gain. Experiments by several groups have shown that this intrapulse Raman scattering can be used as the basis of powerdependent wavelength-tunable sources of short pulses in standard, 1 polarization-maintaining highly nonlinear, 2 and holey fiber. In addition, the SSFS has been demonstrated to be a mechanism involved in generating broadband continua. Blow et al. 5 showed that the SSFS can be suppressed when solitons receive additional spectrally dependent gain from an external Raman pump. Conversely, a spectrally dependent gain mechanism with gain to longer wavelengths than the maximum selffrequency-shifted wavelength should allow the SSFS to be extended to longer wavelengths.
The soliton self-frequency shift (SSFS) is a phenomenon observed with short pulses in which the shorter wavelength components amplify the longer wavelength pulse components through Raman gain. Experiments by several groups have shown that this intrapulse Raman scattering can be used as the basis of powerdependent wavelength-tunable sources of short pulses in standard, 1 polarization-maintaining highly nonlinear, 2 and holey fiber. 3 In addition, the SSFS has been demonstrated to be a mechanism involved in generating broadband continua. 4 Blow et al. 5 showed that the SSFS can be suppressed when solitons receive additional spectrally dependent gain from an external Raman pump. Conversely, a spectrally dependent gain mechanism with gain to longer wavelengths than the maximum selffrequency-shifted wavelength should allow the SSFS to be extended to longer wavelengths.
Here we utilize the SSFS in non-polarization-maintaining highly nonlinear dispersion-shifted fiber (HNLDSF) to generate solitons as short as 100 fs from 1.56 to 1.72 mm. In addition, extension of the SSFS to longer wavelengths is demonstrated using an external Raman pump. Figure 1 shows the experimental setup. The signal pulse source closely resembled a setup described in Ref. 6 that produced 10-GHz subpicosecond solitons by use of adiabatic Raman compression and an electroabsorption modulator. It should be noted that the SSFS was observed in the Raman compressor and caused redshifted signals relative to the tunable laser (TL) wavelength. The resulting solitons were amplif ied in an erbium-doped fiber amplif ier (EDFA), and a variable optical attenuator (VOA) was used to control the output power as the EDFA gain affected the output pulse duration. A post-VOA tap coupler monitored the power going into the HNLDSF, which was 1.3 W at maximum. The launched signal duration was 350 -450 fs, depending slightly on the VOA setting. The HNLDSF, kindly provided by Sumitomo Electric Industries, had a 1553-nm zerodispersion wavelength, a 1550-nm cutoff wavelength, and a nonlinear coefficient of 21 W 21 km 21 . Experiments were conducted on 580, 300, 100, and 23 m of the fiber.
For SSFS extension by external Raman pumping the contents of the dashed boxes in Fig. 1 were included in the setup. Optical circulators, optimized for 1.55-mm operation, counterpropagated the pump and the signal. The Raman pump comprised amplified spontaneous emission from a series of EDFAs. A 12.8-nm 3-dB-bandwidth tunable bandpass filter was included before the f inal EDFA for wavelength selectivity. The pump had a 1564.3-nm wavelength, a 5.2-nm 3-dB linewidth, and a maximum postcirculator power of 2.2 W. In this part of the experiment, only the 580-m HNLDSF was used. The output was observed in an optical spectrum analyzer and an autocorrelator.
Various TL wavelengths were examined to obtain the maximum SSFS. A 1549-nm TL wavelength (1558-nm signal) was observed to generate a continuum up to ϳ1.7 mm without clear spectral separation of a SSFS signal. For such wavelengths close to zero dispersion the maximum launched power is many times the fundamental soliton power, and the launched pulse rapidly fragments into a multisoliton continuum that exhibits no single solitonic structure. A 1555-nm TL wavelength (1562-nm signal) was found to yield a clear spectral separation with power that is characteristic of the SSFS. Longer signal wavelengths were also investigated but without significant extension of the SSFS.
Figure 2(a) shows the SSFS wavelength against the signal average power for the various HNLDSF lengths and a 1555-nm TL wavelength. Longer lengths lead to a wavelength that shifts faster with power because of the Raman gain dependence on length. The SSFS in the 300-m HNLDSF was investigated for different pulse durations, and larger shifts were observed with shorter pulses due to higher peak powers. In all cases, at low powers a continuum was generated up to ϳ1.6 mm due to pulse narrowing and the generation of a high-order soliton. 1 It is estimated that solitons as high as 32nd order were possible in this experiment. Decay of the high-order soliton into fundamental solitons occurred through Raman scattering and soliton collisions due to group-velocity differences. Further power increases lead to spectral displacement of the solitons through the SSFS. In all lengths SSFS saturation was observed near 1.7 mm as the shifted solitons became unable to reach the soliton power because of increasing fiber dispersion. Higher powers resulted in gain at wavelengths shorter than 1.7 mm, probably because of better group-velocity matching with the 1.56-mm input, and the formation of a continuum. Along with the SSFS, blueshifting anti-Stokes components were observed at wavelengths as short as 1.32 mm. Preliminary temporal measurements suggest that these low-power components are noise bursts, probably caused by low phase matching from multimode propagation. prof iles, which is indicative of fundamental solitons. Pedestals were generally observed with amplitudes of as much as 10% of the peak. Because no spectral filtration was applied to the generated output, a contribution to this pedestal could arise from the other spectral components. The output solitons were not transform limited, with duration -bandwidth products that increased with length. It appears that the SSFS occurs early in the HNLDSF, after which the fundamental solitons drop below the soliton power and disperse throughout the remainder of the fiber length. Consequently, the output soliton durations increased with length with values of ϳ110 fs in 23 m, ϳ160 fs in 100 m, ϳ220 fs in 300 m, and ϳ240 fs in 580 m. The percentage of output power in the SSFS components increased with launch power and length. As much as 49% was present in the shifted wavelengths in the 580-m HNLDSF case. The maximum average output power in the shifted wavelengths was 150 mW in the 23-m HNLDSF case.
To investigate extension of the SSFS by use of the external pump, output spectra were recorded for different Raman pump powers. Under maximum signal-induced SSFS with an ϳ1.7-mm wavelength no SSFS extension was observed because the Raman gain peak wavelength was shorter than the SSFS wavelength. In fact, the SSFS was pulled back toward the Raman gain peak with increasing pump power. However, if the signal power was limited so that the maximum signal-induced SSFS wavelength was not attained, extension of the SSFS was observed with increasing pump power. The latter trend is shown in Fig. 3(a) for a signal power of 170 mW in the 580-m HNLDSF. Figure 3 In conclusion, the SSFS in HNLDSF was used to obtain 100-fs solitons over 1.56 1.72 mm. External Raman pumping was demonstrated as a technique for SSFS extension to longer wavelengths. Longer and multiple Raman pump wavelengths are expected to allow SSFS extension beyond 1.72 mm. However, more broadband circulators or the use of couplers for signal-pump combining would be necessary in such a system. A more comprehensive analysis of the SSFS evolution would be allowed through use of a measurement system such as cross-correlation frequency-resolved optical gating. HNLDSF exhibits a low SSFS threshold that allows short fiber lengths to be used and exhibits negligible coupling and transmission losses, as opposed to holey-fiber-based systems. D. A. Chestnut (e-mail address david.chestnut@ imperial.ac.uk) was supported by a United Kingdom Engineering and Physical Sciences Research Council studentship.
